Eight cDNAs whose genes are more strongly expressed in suspension cells in growth phase than in stationary phase and at a low level in mature leaves have been isolated. The corresponding mRNAs are abundantly accumulated in young plant organs and in germinating seeds but are almost undetectable in mature plant tissues and dry seeds. Six of these cDNAs were characterized by comparison of nucleotide and protein sequences to the EMBL and SWISSPROT databanks. These eight growth-related genes are expressed in protoplasts isolated from Nicotiana tabacum mesophyll cells shortly after preparation (4 h). Two of them are expressed in freshly isolated protoplasts (early genes), while the other six are detected after 4 h of culture (late genes). Seven are more abundantly expressed in protoplasts than in growing plant organs while one growth-related gene is weakly expressed in protoplasts, as is the histone H4 gene. They seem to be induced in protoplasts by a synergistic effect of wounding and maceration. Sustained expression of the early genes is dependent on the presence of sucrose in the culture medium.
Introduction
Higher plants present a high regeneration potential. After partial organ destruction, differentiated, non-dividing cells are able to re-enter mitosis. This cellular proliferation results in the formation of a wound callus and, under particular conditions, to root (cutting) or stem (decapitated plants) formation. This potential is particularly well expressed in vitro and is the basis of micropropagation and plant cell manipulation. A central feature of the totipotency of these cells is the return to growth with the reinitiaticn of division of non-dividing cells. Nevertheless, proliferation needs not only the expression of genes controlling the cell cycle but also genes involved in more general functions necessary for the duplication of the cell contents.
Mesophyll protoplasts are isolated from a uniform cell type and form a pipe table cell population. Under suitable, conditions, protoplasts from Nicotiana tabacum leaves can re-enter the cell cycle and form an undifferentiated callus mass which can regenerate a whole plant identical to the original one (Nagata and Takebe, 1971) . Consequently, they are an attractive model of the regeneration of plant cells. During protoplast isolation and in culture, cells undergo fundamental changes in protein synthesis (Fleck et al., 1979) . Most of these changes are related to a rapid modification of the mRNAs. Among genes which are affected by the dedifferentiation process, those related to photosynthesis -Rubisco (Vernet et al., 1982) and a light harvesting chlorophyll d b protein (Müller et al., 1980) -were reported to be repressed in protoplasts, whereas others are induced, such as ubiquitin (Jamet et al., 1990) , glutathione peroxidase (Criqui et al., 1992) , glutathione S-transferase (Takahashi and Nagata, 1992) , parA gene (Takahashi et al., 1989) and the Tntl retrotransposon (Pouteau et al., 1992) . We have previously shown that mesophyll protoplasts abundantly synthesize pathogenesis-related proteins (Grosset et al., 1990a) and that the corresponding mRNA accumulation is induced by the initial wounding of the leaf in the first step of protoplast isolation (Grosset et al., 1990b) .
The return to growth of the protoplast is of great interest because it is a crucial step for callus formation and plant regeneration. In order to understand the recovery of the growth ability of differentiated cells via protoplasts, we searched for growth-related genes and looked for their expression pattern in protoplast culture. Our approach consists of the isolation of genes which are strongly expressed during the growth phase of N. tabacum in suspension cells, poorly expressed during the stationary phase and not expressed in the leaf.
corresponding to genes which fulfill these criteria. The nucleotide or deduced amino acid sequences of the encoded proteins of six of them present strong homologies to sequences described in the EMBL and SWISSPROT databanks. Northern blot analyses were carried out on N. tabacum cell suspensions, tissues and seeds, according to their developmental stage. We also studied the expression of these growth-related genes in tobacco mesophyll protoplasts and show that each corresponding mRNA is
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accumulated early in protoplast culture. Seven genes are more abundantly expressed in protoplasts than in any dividing plant tissues or organs, whereas one is expressed at a low level in protoplasts. We also attempted to define the step@) in the isolation process which induce@) expression of these genes.
Results

Differential screening
The cell suspension cDNA library was screened by differential colony hybridization in order to isolate clones corresponding to genes preferentially expressed during the growth process and not in differentiated leaf cells. Clones for which hybridization signals were strong with 32P-labeled cDNAs from suspension cells in growth phase (3-day-old), weak with cDNAs prepared from suspension cells in stationary phase (1 1 -day-old) and almost undetectable with cDNAs from adult leaves were selected. Plasmids were extracted from each positive clone, digested by appropriate enzymes to separate the vector from the cDNA insert, electrophoresed and transferred on to nylon membranes. Three replicas were carried out and hybridized to the same probes used for library screening. This Southern hybridization revealed that eight clones corresponded to our selection criteria.
Characterization of the eight cDNAs
In order to determine proteins encoded by the cDNAs, complete or partial sequencing was carried out and P nucleotide and derived amino acid sequences were compared with the EMBL and SWISSPROT databases, respectively. The presence in two of the cDNAs of ORFs beginning with an ATG translation initiation codon indicates that they are most probably complete. The six other cDNAs have no translation initiation site and are, therefore, truncated. None of the eight nucleotide sequences has obvious polyadenylation signals upstream from the poly(A) tract. The nucleotide sequences have been submitted to the EMBL databank and are presented here under their accession number.
Accession number X58527. The complete nucleotide sequence is 699 nt long. It contains a complete ORF of 378 bp coding for a protein of 126 amino acids. The amino acid sequence shows 4060% identity with Chlamydomonas reinhardtiiand vertebrate thioredoxins, and only 30% with those of plant chloroplasts. In addition, the encoded protein has a perfect thioredoxin signature at position 43-49. This led us to conclude that this cDNA encodes a cytoplasmic thioredoxin. A more detailed analysis of this clone has already been presented (Marty and Meyer, 1991) . Using this cDNA (thio hl) as a probe, we have recently isolated from N. tabacum a thioredoxin h gene (EMBL accession number Z11803) which encodes a second thioredoxin h protein (thio h2). Specific probes corresponding to these two thioredoxins were prepared (Brugidou et al., 1993) and used in this study to analyze the differential expression of each gene in protoplasts.
Accession numberX62500. This 937 bp cDNA shows a complete ORF of 780 nt corresponding to a protein of 260 amino acids. The nucleotide sequence has 65% identity with three eucaryotic 60s (ribosome large subunit) ribosomal protein genes. The deduced protein shows high homologies over shorter stretches with archaebacterial, eubacterial, chloroplast and mitochondrial 50s ribosomal U proteins, and contains the R U protein signature.
Analyses of the nucleotide and amino acid sequences and comparison with ribosomal L2 proteins were described in a separate publication (Marty and Meyer, 1992) .
Accession numberZ14085. The 389 bp cDNA contains a partial ORF of 231 bp corresponding to 77 amino acids.
The 3' untranslated region is 140 bp and is followed by a 21 nt poly(A) tract. The partial nucleotide sequence was compared with the EMBL database and presents high homology with two eucaryotic sequences (60.8% identity over 237 nt with the first, coding for a Trypanosoma brucei hypothetical protein U (Vijayasarathy et al., 1990) , and 63.2% identity over 155 nt with the second, coding for a Dictyostelium discoideum ribosomal protein named 1 024 (Steel et al., 1987) ). The partial protein sequence of 77 amino acids shows high homology with these two deduced eucaryotic proteins (Figure 1 ). In addition, good homologies are detected with procaryotic and chloroplastic ribosomal S4 proteins (RS4) over a short stretch of approximately 25 amino acids which correspond to a highly conserved region of the S4 proteins (Figure 1) coding region of 52 amino acids, the 3' sequence of 356 bp one of 51 nucleotides encoding 17 amino acids followed by 289 bp of untranslated sequence and a 16 nt poly(A) tract. These partial nucleotide sequences show very high homology with the translation elongation factor-í 01 (EF-la) gene of tomato (Shewmaker et al., 1990 ) (92.4% identity over 157 bp for the 5' region and 73.9% identity over 357 bp for the 3' region) and the EF-1 (Y A4 gene of Arabidopsis thaliana (Liboz et al., 1989, 84 .5% identity over 129 bp for the 5' region and 58% identity over 274 bp for the 3' region). In addition, these nucleotide sequences give good homologies with other eucatyotic and procaryotic EF-la sequences. The deduced amino acid also shows very good homology with tomato EF-1 (Y: 88.5% identity over 52 amino acids for the 5' extremity and 100% over 17 amino acids from the 3' region ( Figure 2 ) and with all other eucaryotic EF-1 (Y sequences. These very high homologies of the nucleotide sequence and the corresponding partial protein to EF-la allow us to define this partial cDNA sequence as a tobacco EF-1 ci cDNA.
Accession numbers 214081 and 214082. An approximately 700 bp long cDNA was sequenced from both ends. The 5' sequence is 168 nt long, encoding 56 amino acids. The 3' sequence is 21 O nt long followed by a 33 nt poly(A) tract. These nucleotide sequences present high homology with eucaryotic and procaryotic sequences encoding cyclophilin, CyP. The best homology was found with the tomato CyP nucleotide sequence (Gasser et al., 1990): 89.2% identity over 167 nt for the 5' region and 71.1 YO identity over 190 nt in the3' region. In addition, the peptide deduced from the 5' extremity shows the best homology with the tomato CyP protein -98.3% identity over 56 amino acids (Figure 3 ). It also presents high homology with all CyP sequences described in the literature. These very high homologies of the nucleotide and corresponding amino acid sequences with CyP confirm that this cDNA encodes a tobacco CyP.
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** ******** ******** * **** ******* * ** .. * amino acids. The 3' noncoding region is 170 nt long followed by a 1 O nt poly(A) tract. The nucleotide and deduced amino acid sequences show high identity with human (Adams el al., 1991; Dowdy et al., 1991 ; EMBL accession number M73791), mouse (EMBL accession number X61826) and rice sequences (EMBL accession number X64621) (Rivera- , 1993) . The human cDNAs, isolated from kidney (Dowdy et al., 1991) , mammary gland and brain (Adams etal, 1991) , are identical. Some of these sequences were identified by systematic sequencing (mouse, rice and two human sequences) and nothing is known as to the role played by the corresponding proteins. Only the Wilms' tumor kidney cDNA has been characterized for its ability to suppress the tumoral phenotype. Consequently, we use the terminology of tumor-related protein.
Clones GA and GB. The sequencing of the 5' and 3' extremities of two other cDNAs (700 and 1500 bp) was Expression of the corresponding genes in different organs and tissues of tobacco Expression in cell suspensions and expanded leaves. According to the differential screening, the steady-state level of each mRNA is higher in cell suspension during the exponential phase than during the stationary phase, and at a low level in expanded leaves. The levels of expression of each gene were analyzed by Northern hybridization: 10 pg of total RNA from growth and stationary phase cell suspension and from expanded leaves were electrophoresed and transferred on to membranes. The corresponding Northern blot was first hybridized with an Arabidopsis histone H4 probe as a control to indicate tissues in division, and then with each CDNA probe ( Figure  4a ). As expected, histone H4 mRNA is more abundant in cell suspension in growth phase than in stationary phase Figure 4 ) confirming the characterization of these cDNAs.
&pression in vegetative tissues. Total RNA was extracted from tissues of expanded (3-month-old) and young (2-weekold) tobacco plants. Tissues were chosen according to their developmental state: young ones in which cells are dividing such as young leaves, young roots and flower buds, and mature ones with no cell division such as adult roots, stem stele and stem cortex. After electrophoresis and transfer of 10 pg of total RNA from each tissue, the Arabidopsis H4 histone and the seven cDNA probes were hybridized to the corresponding Northern blot (Figure 4b ). The H4 histone transcripts are abundantly accumulated in young tissues in which cell division is known to occur and aie almost undetectable in expanded ones. Expression of each gene is very high in young tissues -young leaves, young roots and flower buds. In contrast, each mRNA was detected at a low level in mature tissues -stem cortex and stele, adult roots, adult leaves (as previously shown). These results, compared with the expression pattern Óf the Arabidopsis H4 histone gene, indicate that the eight genes identified in this study show a specific expression in growing tissues.
Expression in reproductive tissues. Total RNA was extracted from tobacco seeds during late formation (storage protein accumulation and desiccation, no cell division), from dry seeds and from 2-day-old germinating seeds (active cell divisions). After electrophoresis and transfer of 1 O pg of each RNA, the Arabidopsis H4 histone and the eight cDNA probes were hybridized to this Northern blot ( Figure  4c ). The H4 histone mRNA is strongly accumulated in germinating seeds and is detected at a very low level during formation and in dry seeds. Five genes follow the same pattern of expression as histone H4. The RS4 mRNA is not only strongly accumulated in germinating seeds but is also detectable at a high level in seeds in formation. The thioredoxin gene presents a different expression pattern compared with the others. It is strongly expressed in seeds in formation, less in dry seeds and at a very low level in germinating seeds.
Expression of the corresponding genes in protoplasts Growth-related genes are overexpressed in protoplasts. The expression of these growth-related genes was analyzed in tobacco mesophyll protoplasts which, under suitable conditions, can re-enter the growth phase and divide. Gene expression was tested in 24-h-old protoplasts which are at the end of the G1 phase of the cell cycle (Meyer and Cooke, 1979; Zelcer and Galun, 1980) . The expression pattern of these genes was compared with that of histone H4, which is strongly expressed in proliferating cells. Tota¡ RNA (2 pg) from 24-h-old protoplasts and 1 O pg from growing tissues (young leaves and suspension cells in exponential phase) and mature cells (expanded leaves) were run on the same gel. The RNA was transferred on to nylon membranes and hybridized with each growthrelated cDNA, histone H4 and rDNA probes ( Figure 4d ). As previously shown, each mRNA is more abundantly accumulated in growing tissues than in mature ones. In addition, each growth-related gene is expressed in protoplasts at 24 h of culture. The comparison of the hybridization signals between protoplasts (2 pg of total RNA per lane) and tissues (1 O pg of total RNA per lane) shows that seven growth-related genes are more strongly expressed in protoplasts than in growing tissues. Compared with cell suspension during the growth phase, mRNa levels are approximately 1 O times higher for thioredoxin h and GA and four times higher for TRP, EF-1 (Y, R E , RS4, and CyP. In contrast, the accumulation of GB and H4 histone mRNAs is almost undetectable in 24-h-old protoplasts.
Early expression in protoplast culture. The time course of mRNA accumulation for each gene was followed after protoplast isolation (O h) or after 4, 8, 14, 24 and 48 h of culture. Total RNA (2 Fg) from each time point was electrophoresed and transferred on to a nylon membrane. Each cDNA probe was hybridized to the corresponding Northem blots ( Figure 5 ). Thioredoxin h and tumor-related protein genes are already abundantly expressed in freshly isolated protoplasts. In contrast, the two cytoplasmic ribosomal proteins, translation elongation factor-1 (Y, cyclophilin, GA and GB genes are expressed after 4 h of culture. The accumulation of each mRNA increases during protoplast culture, at least until 48 h. This differential expression in protoplast culture allows us to distinguish two groups of genes -group I in which genes are expressed in freshly isolated protoplasts and group II in which genes are expressed at least 4 h after culture. As the GB gene is only weakly expressed during protoplast culture, it was not studied further.
Inducing steps during protoplast isolation. As the cDNAs correspond to genes expressed early in protoplast culture, we looked for the steps of protoplast isolation which may trigger their expression. The protoplast preparation procedure consists of a series of treatments applied in the following chronological order: leaf harvesting, sterilization, strip cutting, cell plasmolysis, infiltration under vacuum, wall digestion by pectinase and cellulase enzymes, centri--fugation to collect and wash protoplasts, and culture in the medium (W0.6). The effect of each step was tested after 18 h of culture in order to compare it with protoplast culture at 14 h since the preparation of protoplasts takes 4 h. Expression of each gene was compared with the basal expression in adult leaves ( Figure 6, first lane) . To analyze the effect of the first steps, sterilized leaf discs (8 cm diameter) were cultivated 18 h in W0.6, the edges (5 mm wide) of these discs were removed and the central parts were collected for total RNA extraction. A weak expression of the eight genes was found after this treatment ( Figure  6 , second lane). To study the consequences of strip cutting on gene expression, leaf strips (1 mm wide) were placed on W0.6 and collected after 18 h of culture. The seven mRNAs accumulate at levels approximately five times lower than in protoplasts ( Figure 6 , third lane). The effect of cell plasmolysis on gene expression was tested by placing leaf strips for 18 h on twofold diluted Murashige and Skoog medium, which has a low osmotic pressure but the same nutritional and hormonal elements as W0.6 (Figure 6 , fourth lane). The expression of these genes in leaf strips cultivated in MS and W0.6 is similar. Infiltration under vacuum has no significant influence on the expression pattem of the eight genes (data not shown). However, the culture medium could possibly act as a synergistic factor in their induction. Thus, we looked for the effect of major elements of the culture medium on the induction of gene expression, both in leaf strips and protoplasts.
Effect of the culture medium on gene expression. No expression of the seven genes was found when leaf strips were placed on water, showing a clear effect of the culture medium. The effects of several major nutritional elements (sucrose, iron, macroelements, microelements and vitamins) were analyzed. These experiments were carried out for the seven genes abundantly expressed in protoplasts. As the results are similar within each group, we only show results for thioredoxin h for group I and elongation factor-la for group II. Expression of group I genes is dependent on sucrose in the culture medium, while expression of group II genes does not appear to be modified by omitting one group of the nutritional components of W0.6. This shows that different groups of nutritional elements composing the culture medium are exchangeable in inducing the Growfh-related gene expression ín N. tabacum 271
EF-la Figure 7 . Effects of W0.6 culture medium elements on the accumulation of mRNAs hybridizable to thioredoxin h (Thio) and elongation factor-la (EF-la) cDNA probes.
Leaf strips were cultivated for 14 h (A) in water, in complete W0.6 culture medium or in culture medium lacking one nutritional component (iron, microelements, macroelements, vitamins or sllcrose), (6) in KCI-MgS04 and (C) in MES buffer and in MES plus W0.6 culture medium.
expression of group II genes, suggesting an effect on a general parameter, for example, the pH control. The effect of the buffer MES (2-[KMorpholino] ethane sulfonic acid) (pH 5.5) was analyzed by placing leaf strips on MES dissolved in water or in W0.6 (Figure 7c ). Although MES is not toxic, it is not able induce the expression of group II genes. We looked for effects of phytohormones on the induction of growth-related genes since auxin is required for division of protoplasts (Nagata and Takebe, 1971) . Expression of each gene was tested by cultivating protoplasts in W0.6 medium with, or without, auxin and collecting samples from each culture at 4, 8 and 14 h. Total RNA (2 p. g) from each sample was electrophoresed and transferred on to nylon membranes. The cDNA probes were hybridized to corresponding Northern blots (Figure 8 ). Cyclophilin and ribosomal protein L2 mRNas are accumulated at a slightly lower level in the presence of this hormone. Only the level of the mRNA encoding thioredoxin h is clearly modulated by auxin: freshly isolated protoplasts present a high level of thioredoxin h mRNA which remains almost unchanged during the culture in the complete medium. In the absence of auxin the mRNA level first drops and then increases. This expression pattern has been observed reproducibly on Northern blots which have hybridized with the other probes first, thus eliminating the possibility of an artifact.
We have isolated two N. tabacum thioredoxin h clones (thio h l and thio h2, Brugidou et al., 1993) . When the membrane is hybridized with the probe specific to thio h l , it appears that thio h l mRNa is present in freshly isolated protoplasts and that the level is slightly reduced during culture in the presence of auxin and to a greater extent in the absence of this hormone. Hybridization of the membrane with the h2 specific probe shows that thioredoxin h2 mRNa is not detectable in freshly isolated protoplasts but only later and at a low level in culture. In addition, thioredoxin h2 mRNA is more abundant without auxin. Based on the kinetics the thioredoxin h l gene belongs to group I (early expressed gene), and the thioredoxin h2 gene belongs to group II (late genes). Nevertheless, the levels of thioredoxins h l and h2 mRNAs do not completely explain the observed expression pattern of mRNAs hybridizable with the entire thioredoxin h l probe. A reassessment of the genes encoding thioredoxins h is needed to clarify this point. Finally we tested the effect of prolonged maceration. A clear difference between early and late genes is that the mRNAs of the former are detectable during maceration, while those of the latter are only detectable during culture using our standard isolation protocol (1.5 h maceration with Pectin Acid Trans Eliminase followed by 1.5 h with a cellulase-pectinase mixture). In order to determine if the transfer into the culture medium plays a role in the induction of these genes, we macerated leaf explants ovemight in the cellulase mixture. All seven mRNas are detectable in protoplasts at the end of this maceration, roughly at the same level as when they are transferred into the culture medium and cultivated overnight, indicating that the maceration medium is compatible with the induction of the late genes.
Discussion
Expression of growth-related mßNAs and function of the encoded proteins
The first goal of our study was the isolation of cDNA clones corresponding to genes whose expression is related to proliferation. Clearly the eight clones complementary to mRNAs isolated from a cell suspension fulfill this requirement: their mRNAs are detectable in all young plant tissues but not in mature tissues. Nevertheless, they are not regulated in exactly the same way, as shown by Northern blots. In addition, the characterization of the proteins encoded by six of them suggests that they are implicated in different cellular processes.
Ribosomal components. Three cDNAs encode proteins which are components of the ribosome, i.e. are involved in the same process of protein biosynthesis. Hybridization with these probes clearly indicates that ribosome synthesis is associated with proliferation and is not detectable in nondividing tissues, even those which show very active protein synthesis (Marty and Meyer, 1992) . Similar results were found in maize by Lebrun and Freyssinet (1991) who observed a greater accumulation of maize cytoplasmic S11 ribosomal protein transcripts in growing tissues than in expanded leaves and for the elongation factor-lor P genes in Arabidopsis and tomato (Liboz, 1990; Pokalsky et al., 1989; Ursin et al., 1991) . Nevertheless, Northern blots indicate that mRNAs encoding ribosomal proteins RL2 and RS4 are not always present in the same proportions in different tissues, although the proteins have to be in stoichiometric amounts. It is possible that they are under different translational control. This observation could also be due to the hybrid origin of N. tabacum: one or both probes may hybridize preferentially to mRNAs derived from one subgenome and each subgenome may participate' differently in ribosome synthesis in different tissues. More generally, it is possible that these genes, R E , RS4 and EF-lor, belong to a multigenic family and that, in our experiment, we dbtect genes of each family which are not regulated in the same manner. This is supported by the fact that in A. thaliana, the four genes which encode EF-1 or are differently regulated (Liboz et a/., 1989) .
~ Post-translational modificating enzymes. Thioredoxin reduces specific disulfide bonds in targeted proteins (Homlgren, 1985) . In higher plants and green algae, two thioredoxin systems have been characterized: the first is localized in the chloroplasts and plays a key role in photosynthesis in regulating enzymes of CO2 fixation (Decottignies et al., 1990 (Decottignies et al., , 1991 Van LangendoncM and Vanden Driessche, 1992) . Corresponding cDNA clones have been isolated and sequenced (Kamo et E$, 1989; Maeda et al., 1986; Wedel et al., 1992) . The second thioredoxin activities (h type) are present in heterotrophic cells (Johnson et al., 1987a (Johnson et al., , 1987b Vogt and Follmann, 1986) and are most probably localized in the cytoplasm (Florencio et al., 1988; Marcus et al., 1991) . Recently we have isolated a cDNA (Marty and Meyer, 1991) and a genomic clone (Brugidou et al., 1993) which encode thioredoxins h. Both share structural similarities with animal and yeast thioredoxins which have been shown to be associated with proliferation (Bhat et al., 1989; Flamigni et al., 1989; Grippo et al., 1985; Müller, 1991; Reichard, 1988; Wiegand et al., 1989) . Our results show that thioredoxin h genes are expressed in growing cell suspension and plant tissues, but their expression is more abundant during seed formation and in dry seeds than during germination. These results are in agreement with the presence of thioredoxin activity in these same tissues (Betersmann et al., 1981; Kobrehel et al., 1991) . Cyclophilin (CyP) is a ubiquitious protein first discovered as the target of cyclosporin A, an immunosuppressor able to block tissue rejection by inhibiting the proliferation of T lymphocytes (Jenkins et al., 1988) . Recently, CyP has been shown to be identical to a previously described enzyme, peptidyl-prolyl cis-trans isomerase (rotamase) that catalyzes the cis-trans isomerization of prolinecontaining Oligopeptides, and which accelerates the folding of several proteins (Fischer et al., 1989) . In addition, cyclophilin interacts with calcineurin, a Ca2+-dependent phosphatase (Schreiber, 1992) . In humans, three CyP isoforms have been identified (Bergsma et al., 1991) . In tomato, a high level of CyP mRNA was found in young leaves, floral buds, growing shoots and stamens at anthesis (Gasser et al., 1990) as well as in stressed tissues (Marivet et al., 1992) . Our results confirm those concerning the strong expression of the CyP gene in young tissues. The CyP gene is also expressed in mature tissues but significantly less than in young ones.
Tumor-related protein. One clone shows high homology to cDNA sequences isolated from human tissues -Wilms' kidney cells (Dowdy et al., 1991) , mammary gland and brain -mouse preadipocytes and rice seed aleurone. We have recently isolated a full-length cDNA clone from A. thaliana and shown that the high homology between the human and plant-encoded proteins extends over the entire molecule (Rivera-Madrid et al., 1993) . Studies on the function of this gene have only been carried out on Wilms' cells (kidney). The mRNA is not detected in tumor cells (Dowdy et al., 1991) . Transfection of this gene into a Wilms' tumor cell line reverted the tumorigenic phenotype. Thus, this gene could be associated with some mechanisms Growth-related gene expression in N. tabacum 273 limiting cell differentiation in humans. This mRNA sequence has been shown to be co-expressed with a laminin receptor gene in different tumor and normal human tissues (Bignon et al., 1992) . The Wilms' tumor proteins contain a potential nuclear targeting signal but no other obvious function can be deduced presently from its sequence. The presence of homologous cDNA sequences in vertebrates and plants and the high conservation of the encoded protein suggest a general role in eucaryotic cell metabolism.
Expression of growth-related genes in protoplasts ' From mesophyll to suspension cell. The most salient result is the very early expression of the eight marker genes after protoplast isolation. As previously described (Fleck et al., 1979) , the transition from a mesophyll cell to a protoplast triggers rapid changes in protein synthesis. Our results show that eight randomly selected genes related to growth in the cell suspension are turned on very early in protoplasts. Apart from GB, which is expressed at a low level in protoplasts, the seven other clones are expressed at a higher level than in suspension cells, using total RNA as an internal standard, i.e. a reference which is fairly constant in mesophyll cells during protoplastization and early culture (Cooke and Meyer, 1981) . The high expression of genes implicated in protein biosynthesis, such as ribosomal proteins and translation elongation factor-1 a, suggests an increase in capacity of the translational system necessary for active protein biosynthesis. It is possible that thioredoxin h l , h2, and cyclophilin are required at a higher level in protoplasts for the correct folding of some newly synthesized proteins. The differential expression of thioredoxins h l and h2 in protoplast culture suggests that the corresponding proteins have different targets. Most of the genes described as newly and early expressed in mesophyll protoplasts have also been shown to be expressed in callus or cell suspensions, including those encoding basic pathogenesis-related proteins (Grosset et al., 1990) , ubiquitin (Jamet et al., 1990) , CEP (Genschick et a/., 1990), HMG-CoA-reductase and glutathione peroxidase (Criqui et al., 1993) : from the point of view of gene expression a protoplast becomes a callus cell just after protoplast isolation or even during maceration if an overnight method is used.
The expression of the growth-related genes is not dependent on cell cycling. Re-entry into proliferation involves cell cycling but also general mechanisms such as synthesis of membranes, cell walls and organelles necessary for cell doubling. In tobacco protoplasts, progression through the cell cycle takes place only in the presence of auxin and cytokinin in the culture medium (Meyer and Chartier, 1981) . In the tissues of the entire plant the expression of the growth-related genes is relatively well correlated with that of the histone H4 gene, a gene known to be expressed just before, and during, the S phase of the cell cycle. In protoplasts the eight mRNAs are detectable independently of the S phase which occurs after 30 h in culture in complete medium (Cooke and Meyer, 1981; Meyer and Cooke, 1979) . In contrast, histone H4 mRNA is almost undetectable during the early phase of protoplast culture and remains at a low level in comparison with suspension cells. This is probably related to the duration of the first cell cycle of mesophyll protoplasts: the faster protoplasts divide after 2 days but it is only after 6 days in culture that 80% of the protoplasts have undergone mitosis (Zelcer and Galun, 1980) , while suspension cells in growth phase cycle in about 15-20 h. The low abundancy in protoplasts of cycle-dependent mRNAs, which are a subset of auxindependent mRNAs, has been directly shown by Takahashi et al. (1989) and Takahashi and Nagata (1992) : out of 15 O00 clones from a protoplast cDNA library, only two genes, parA and glutathione S-transferase, are induced by auxin. Nevertheless, the absence of cycle control on the expression of a gene does not exclude that the encoded protein plays a role in cell cycle progression.
Isolation step and signal inducing the expression of the growfh-related genes. The expression of these genes can be induced in leaves by cutting them into strips. Plasmolysis has no additional effect. In contrast, maceration increases the mRNA levels five times if we compare 1 mm long strips with protoplasts. The fact that the relative levels of the eight mRNAs are the same in strips and .c protoplasts suggests that the signals released by wounding and .maceration may be identical. In addition, the signal released by wounding appears to be unable to migrate into the leaf tissue (low induction in large explants) even using vacuum infiltration of the culture medium. The simplest hypothesis to explain these observations is that only a few cells are induced in leaf strips near the excision sites, while most protoplasts are induced. Other genes which are abundantly expressed in protoplasts such as ubiquitin (Jamet et al., 1990) , glutathione. peroxidase (Criqui et al ., 1993) and HMG-COA-reductase (Criqui, 1992) are also expressed in wounded leaves.
The growth-related genes are not induced in leaf strips maintained in water or in protoplasts cultivated in KCI+ MgS04, while they are induced in the maceration medium which uses the same osmotic stabilizer and hydrolytic enzymes. The maceration probably releases sugars which fulfill the sucrose dependency of the early genes. The late genes are dependent on another factor common to the maceration medium and the culture medium which has not been characterized at the present time.
In previous work (Grosset et al., 1990a, 199Ob) we have shown that protoplasts synthesize basic, vacuolar pathogenesis-related proteins and that the accumulation . of the corresponding mRNAs results from the wounding of the leaf in the early step of the isolation procedure. This conclusion is also true for the accumulation of the mRNAs of the growth-related genes, showing that changes in gene expression resulting from protoplast isolation is essentially a wound response. Nevertheless, the induction of the two sets of genes differs in some respects: the PR mRNA level is identical in 1 mm leaf strips and in protoplasts, suggesting that the inducer is more diffusible. PR mRNAs accumulate simply after water infiltration in large explants even in unwounded leaf (Godiard etal., 1990) . In addition, the highest level of PR mRNAs is obtained by maintaining leaf strips in water or protoplasts in KCI+MgS04, while the culture medium partly inhibits this gene induction. This suggests that the mediators implicated in the induction of PR protein synthesis and in the re-entry into proliferation are different. These differences in the induction of different sets of genes are probably related to the various physiological responses that plants present after wounding, and which probably limit the consequences of this injury. The best analyzed reaction is the systemic induction of proteinase inhibitors (Pena-Cortes et al., 1988; Ryan, 1987) and of other genes (Hildmann et al., 1992) , which makes the plant inedible for insects. It has been shown that oligosaccharides released by wounding have the potential to induce the systemic response although they do not migrate into the plant (Ryan and An, 1988) . They induce a second messenger, a small protein named systemin (Pearce et al., 1991 ; Ryan, 1992) . In addition to systemic defense, plants present local defense reactions which limit infection of wounded tissue including accumulation of PR proteins and necrosis. Apart from these defense reactions, mechanisms able to repair damage (induction of cell growth and division) are activated. Signals which induce local responses have not yet been characterized, because the analysis of the wounded tissue is limited by the small number of reacting cells. Our study suggests that most genes activated during protoplast isolation are woundinduced, making these cells an attractive material for the analysis of the local wound reaction.
Experimental procedures
Plant materials
Nicotiana tabacum cell suspensions were derived from pith by Jouanneau et al. (Jouanneau and Tandeau de Marsac, 1973) .
They were subcultured every ,week by 1O'x dilution. Three-dayold cultures of suspension cells, in the growth phase, contain dividing cells (mitotic index approximately 5%) while 1 1 -day-old cultures, in stationary phase, consist mostly of non-dividing cells (mitotic index e 0.01 YO). Tobacco plants were grown in a greenhouse under controlled conditions. Mature tissues were collected from 3-month-old plants: fully expanded leaves, roots, stem and cortex stele. Young tissues, developing leaves and roots, were I Growth-related gene expression in N. tabacum 275 I collected from 2-week-old plants. Young flower buds (I cm long) were also collected. Seeds in formation were taken from green fruits. Dry seeds were placed on nutritional medium and germinating seeds were collected 5 days later.
N. tabacum cell suspension cDNA library
Total RNA was extracted from frozen 7-day-old N. tabacum suspension cells as previously described (Grosset et al, 1990b) . Poly(A)' RNA was purified by chromatography on an oligo(dT) cellulose column. Double-stranded cDNAs were prepared using an Amersham cDNA Synthesis System Plus kit, and were ligated into the vector pTZ18R. Escherichia coli DH5-a cells were transformed with the library by the method of Hanahan (Hanahan, 1983) .
Differential screening
The pTZ18R-cDNA library was plated at a low colony density and screened by differential hybridization. Duplicate Gene-Screen nylon-membrane (NEN) replicas were hybridized with 32P-labeled single-stranded cDNAs synthesized from Poly(A)+ RNA isolated either from cell suspensions in growth phase (3-day-old), stationary phase (1 1 -day-old), or expanded leaves. Hybridizations were performed according to the instructions from the manufacturer. Selected cDNA clones isolated by this method were conserved in 50% glycerol.
,,
Tobacco mesophyll protoplasts
Protoplasts were isolated from leaves of greenhouse tobacco plants (N. tabacum var. Maryland), Expanded leaves were sterilized with 15% sodium hypochloride for 20 min followed by 5 sec in 95% ethanol. They were washed three times for 10 min with sterile water and cut into thin strips of 1 mm width with a sterile razor blade. The strips were plasmolyzed for 10 min in 2.5% KCI, 1 % MgS04.7H20. This solution was replaced by another containing 11 % mannitol, 0.4% glycine and 0.05% PATE (crude extract of Pectin Acid TransEliminase from Bacillus polymyxa) adjusted at pH 8.0. The leaf strips were infiltrated under vacuum but without shaking. After90 min, the solution was replaced by 2.5% KCI, 1 YO MgS04.7H20, 0.25% cellulase OnozukalO (Yalkult Honsha Co.) and 0.02% cellulase Y.C. (Seichin Pharmaceutical Co.) adjusted at pH 5.7. Leaf strips were infiltrated every 15 min during 90 min. Resulting protoplasts were collected by slow centrifugations and washed three times in KCI-MgS04.7H20 solution. Finally, they were resuspended in W0.6 culture medium (Meyer and Abel, 1975) at 5 x IO5 protoplasts ml-' and cultivated in Petri dishes at 25°C and in the dark for 14 h.
DNA probes
Poly(A)+ RNA was purified from suspension cells in growth (3-day-old) and stationary (1 1 -day-old) phases, and from mature leaves. The first strand of cDNA was synthesized by incorporation of 32P dCTP (Shaw et a l . , 1984) . These probes were used for library screening and for the analysis of positive clones on Southern blot. Cloned cDNAs were obtained by digestion of the corresponding plasmid with the appropriate restriction enzymes and each cDNA insert was separated from the vector on an agarose gel. Recovery and elution of each insert were carried out using Schleicher and Schuell NA 45 paper according to the instructions of Maniatis (Maniatis et al., 1990) .
c Three thioredoxin h probes were used. The first is a cDNA obtained during the screening described during this study; it contains a complete ORF encoding a protein that we have named thio hl. Using this clone we have isolated a genomic clone which encodes a second thioredoxin that we have named thio h2 (Brugidou et al., 1993) which differs significantly from the thio hlcDNA. A 240 bp fragment corresponding to the 3' noncoding .
region of the thio hlcDNA was recovered and used as a specific probe of the thioredoxin h l gene. The specific nucleotide probe of thioredoxin h2 was prepared by recovering a 468 bp fragment in the noncoding region of the corresponding gene. The Arabidopsis histone H4 clone (A748) was given by Dr Claude Gigot (Chaboute et a/., 1987) . It contains a 196 bp fragment in the H4 coding region, which was excised and labeled by the multiprime technique.
All these nucleotide inserts were labeled by the multiprime technique (Amersham Kit and procedures). A wheat rDNA fragment containing the 25s RNA coding region (Gerlach and Bedbrook, 1979 ) was used as a control probe for the quantity of rRNA and was labeled by nick-translation technique (Amersham Kit).
Northern blot analysis
Total RNAs were extracted from different tissues by previously described methods (Grosset et a/., 199Ob) . Different quantities of total RNA depending on the materials (2 pg for protoplasts and 10 pg for suspension cells and tissues) were denatured and fractionated on denaturing gels as described by Meinkoth and Wahl (I 984). RNAs were transferred on to Gene-Screen membranes and prehybridized for 2 h at 42°C with the following solution: 50% deionized formamide, 2 x Denhardt's, 5x SSC, I % SDS, 100 pg ml-' tRNA yeast, 100 pg ml-' polyU. The membranes were hybridized in the same solution, successively with each denatured probe at 42°C for 20 h. The membranes were washed twice with 2 x SSC at room temperature for 10 min, and twice at 70°C with 2 x SSC, 1 YO SDS for 20 min. A stringent wash was made at 70°C with 0 . 5~ SSC, 1% SDS during 10 min. Hybridization to the heterologous Arabicfopsis H4 histone probe was made at 37°C and without the stringent wash.
Nucleotide sequences
The cDNAs were cloned in pTZ18R by BamHl linker ligation at the 3' extremity and a polyC ligation at the 5' extremity. Nucleotide sequences of the 3' region were determined by the dideoxynucleotide chain termination method (Sanger et al., 1977) with double-stranded DNA templates using the Amersham Multiwell system as indicated by the manufacturer. In contrast, the Klenowpolymerase could not copy the polyC strand of the 5' extremity and the Sanger method could not be applied for the sequencing of these fragments. They are sequenced by the Maxam and Gilbert technique (Maxam and Gilbert, 1980) according to the protocol of D. Delcasso-Tremousaygue (Delcasso-Tremousaygue et al., 1988) .
